A seven-transmembrane protein, frizzled, has been implicated in a planar cell polarity (PCP) pathway as well as the canonical Wnt signaling pathway. Although both pathways require a cytoplasmic protein, dishevelled, the molecular mechanism by which frizzled regulates intracellular signaling remains to be elucidated. In the mouse, nine frizzled family members have been identified and six of them contain a PDZ-binding motif at their carboxyltermini. In this study, we show that a multi-PDZ containing protein, MAGI-3, specifically binds to frizzled-4 and -7. Furthermore, we also demonstrate that MAGI-3 interacts with Ltap, a mouse homolog of the Drosophila PCP protein, stbm, and that these three molecules can form a ternary complex. In epithelial cells, MAGI-3, frizzled-4, and Ltap colocalized at cell contact sites, indicating that these molecules form a physiologically significant complex. Finally, we found that MAGI-3 strongly activated JNK in conjunction with frizzled-4 and Ltap, and that this activation required the small GTPase, Rac. These results indicate that MAGI-3 functions as a scaffold protein for frizzled-4 and Ltap and regulates the JNK signaling cascade.
Introduction
Frizzled was originally identified as a Drosophila planar cell polarity (PCP) gene, which is required for the correct orientation of cuticular hairs, sensory bristles, and omatidia (Adler, 2002) . Frizzled has also been demonstrated to function as a Wnt receptor in the canonical pathway called Wnt pathway. (Bhanot et al., 1996) Both the PCP and Wnt pathways are evolutionally conserved. In Xenopus, the PCP pathway regulates convergent extension cell movement during gastrulation, whereas the activation of the Wnt pathway leads to the induction of the secondary axis (Molenaar et al., 1996; Heisenberg et al., 2000; Wallingford et al., 2000) . Recent studies indicate that the PCP pathway is also involved in neural tube closure in vertebrates (Wallingford and Harland, 2002) . Although frizzled family members regulate both signaling pathways, they appear to utilize distinct downstream signaling components. The PCP pathway is mediated by the small GTPases, which regulate the JNK signaling cascade (Yamanaka et al., 2002; Habas et al., 2003) . On the other hand, the activation of the Wnt pathway leads to the stabilization of b-catenin, which in turn activates Lef/TCF-dependent transcription (Molenaar et al., 1996; Korinek et al., 1998) . In both signaling pathways, dishevelled plays critical role(s) as a downstream effector of frizzled signaling. However, the molecular mechanisms by which frizzled signals through dishevelled remain to be elucidated.
In mammals, at least nine frizzled family members have been identified . These family members are well conserved and it is likely that they have at least partially redundant functions as is the case with Drosophila frizzled and frizzled-2. However, targeted disruption of different mouse frizzled genes results in distinct phenotypes. Disruption of frizzled-5 leads to defects in yolk sac and placental angiogenesis and the frizzled-3 knockout mouse shows impaired development of major fiber tracts (Ishikawa et al., 2001; Wang et al., 2002) . Disruption of mouse frizzled-4 exhibits a variety of defects, including progressive cerebellar, auditory, and esophageal dysfunction (Wang et al., 2001) . Furthermore, human frizzled-4 was found to be mutated in patients affected with familial exudative vitreoretinopathy (Robitaille et al., 2002) . Thus it appears that frizzled family members play important roles in different tissues and at different developmental stages. It is not clear, however, which signaling pathways are responsible for each phenotype.
In contrast to the Wnt pathway, which is well characterized in a variety of species, the molecular mechanisms of PCP pathway have not been fully elucidated particularly in mammals. Genetic studies in Drosophila have revealed several PCP pathway genes in addition to frizzled. Among them, strasbismus/Vang Gogh (stbm) encodes a putative transmembrane protein and interacts genetically with frizzled to regulate the PCP pathway (Taylor et al., 1998; Wolff and Rubin, 1998) . Stbm is evolutionally conserved, and Xenopus stbm (Xstbm) has been shown to be involved in convergent extension cell movement and neural fold closure (Darken et al., 2002; Goto and Keller, 2002; Park and Moon, 2002) . Similarly, the Zebrafish trilobite mutant, in which stbm is disrupted, shows defects in gastrulation and neuronal migrations (Jessen et al., 2002) . Furthermore, a mouse homolog of stbm, Ltap, has been found to be mutated in the loop-tail mutant mouse (Kibar et al., 2001; Murdoch et al., 2001) . Heterozygous mutant for loop-tail mice exhibit a looped tail, a sensitive indicator of neural tube defects, and homozygous loop-tail embryos demonstrate a completely open neural tube in the hindbrain and spinal regions. These results suggest that stbm is also involved in the PCP pathway in vertebrates. Park and Moon (2002) showed that xstbm physically interacts with dishevelled and overexpression of xstbm leads to the activation of the JNK signaling cascade. Although genetic interaction of stbm and frizzled has been established in Drosophila, the molecular mechanism of this interaction is unknown.
In this study, we have identified MAGI-3, a multi-PDZ domain containing protein, as a specific interacting partner of frizzled-4 and -7. We also found that MAGI-3 interacted with Ltap. Notably, MAGI-3, frizzled-4, and Ltap form a ternary complex. Furthermore, MAGI-3 activated JNK in conjunction with frizzled-4 and Ltap, suggesting that the ternary complex is involved in the JNK signaling pathway. These results may provide the molecular basis of the genetic interaction between frizzled and stbm to regulate the PCP pathway.
Results

Isolation of MAGI-3 as a frizzled interacting protein
To identify candidate molecules that bind frizzled and mediate intracellular signaling, we performed yeast twohybrid screens using carboxyl-terminal domains of various frizzled family members, which reside at cytoplasmic face of plasma membrane. Using either the carboxyl-terminal domain of frizzled-4 or -7 as bait, we isolated a partial fragment of MAGI-3. This clone was not isolated in screens with other frizzled family members. Consistent with this, the MAGI-3 clone only interacted with frizzled-4 and -7 as measured by the ability of yeast to grow in nutrient depleted (His-) media and by expression of b-galactosidase. MAGI-3 is a member of the MAGUK family and two closely related family members, BAP1/MAGI-1 and S-SCAM/AIP1/ ARIP1/MAGI-2, have been described (Dobrosotskaya et al., 1997; Hirao et al., 1998; Shiratsuchi et al., 1998; Wood et al., 1998; Shoji et al., 2000) . Like these family members, MAGI-3 contains six PDZ domains (PDZ0-PDZ5), one guanylate kinase (GK) domain, and two WW domains (Wu et al., 2000; Adamsky et al., 2003) . The fragment of MAGI-3 isolated in this screen encompassed one WW domain and PDZ1 (Figure 1a) .
Characterization of the interaction of MAGI-3 with frizzled family members
The carboxyl-terminal domains of frizzled-4 and -7 contain PDZ-binding motif and the MAGI-3 clone isolated in the yeast two-hybrid screen contains the PDZ1 domain, suggesting that PDZ1 may be responsible for the interaction with frizzled-4 and -7. To confirm this, we engineered a series of deletion mutants of MAGI-3 and examined the binding of these mutants to GST fusion proteins of carboxyl-terminal regions of frizzled-4 and -7 ( Figure 1a ). As shown in Figure 1b , wild-type MAGI-3 as well as the deletion mutants d1, d2, d3, d5, d6, and d34 bound to frizzled-4 and -7, indicating that PDZ1 is the interaction domain. It is notable that deletion mutant d4, which does not contain PDZ1 but contains other PDZ domains, failed to interact with frizzled. These results indicate that PDZ1 is the only domain that interacts with frizzled-4 and -7.
PDZ domains interact with a minimal carboxylterminal sequence of their binding partners. The carboxyl-terminal sequences of frizzled-4 and -7 are E-T-X-V and those of frizzled-5 and -8 are L-S-X-V. Both of these sequences are known to bind group I PDZ domains (Songyang et al., 1997) . On the other hand, frizzled-3 and -6 contain G-S-X-A and H-T-X-A at their carboxyl-termini, respectively. To investigate the interaction of frizzled family members with MAGI-3, we utilized GST fusion proteins of other frizzled carboxyltermini, and tested their ability to bind to MAGI-3 and its deletion mutants ( Figure 1b) . Although weak interactions of frizzled-5 and -8 with d2 and d6 were detected, these frizzled proteins did not bind to wildtype MAGI-3. The carboxyl-termini of frizzled-3 and -6 did not bind to MAGI-3 or any of its mutants. These results are consistent with the results of the of yeast twohybrid screens and indicate that MAGI-3 specifically binds to frizzled-4 and -7.
To examine the interaction between MAGI-3 and frizzled-4 under more physiological conditions, we performed co-immunoprecipitation experiments in cultured cells (Figure 1c ). HEK293 cells were transfected with HA-tagged MAGI-3 together with or without frizzled-4. As shown in Figure 1c , transfection of MAGI-3 with frizzled-4 resulted in the formation of complex that could be co-precipitated. To further characterize the minimal binding domain of MAGI-3 in cells, we utilized deletion mutants. Since expression of the HA-tagged form of MAGI-3-d5 that contains only the PDZ1 domain was barely detectable in HEK293 cells, we used MAGI-3-d6, which contains WW motifs and PDZ1. Consistent with the results obtained by in vitro binding assay, MAGI-3-d6 formed a complex with frizzled-4, indicating that MAGI-3 interacts with frizzled-4 through PDZ1. These data support the conclusion that MAGI-3 and frizzled-4 form a physiologically significant complex.
Interaction of MAGI-3 with frizzled and Ltap R Yao et al
Interaction of MAGI-3 with Ltap
Many MAGUK proteins including MAGI family members have been found to associate with the plasma membrane and have a role as a molecular scaffold for membrane proteins. In Drosophila, two genes encoding membrane proteins, arrow and stbm, genetically interact with frizzled to regulate the Wnt and the PCP pathways, respectively. Interestingly, the carboxyl-terminal sequences of stbm contain a conserved PDZ-binding motif (Kibar et al., 2001) . Furthermore, this PDZbinding motif is identical to those of frizzled-4 and -7 (E-T-X-V) (Kibar et al., 2001) . These data prompted us to test a possible interaction between MAGI-3 and the mouse homolog of stbm. Two well-conserved mouse homolog of Drosophila stbm, mstbm and Ltap were reported, and carboxyl-terminal sequences were identical. As shown in Figure 2a , a GST fusion protein of the carboxyl-terminal region of Ltap interacted with in vitro translated MAGI-3 protein.
To determine the interaction domain of MAGI-3, we utilized deletion mutants of MAGI-3 and found that Ltap bound to MAGI-3 deletion mutants that contain PDZ1 (d1, d2, d3, d5, d6, d34), but failed to interact with mutants without PDZ1 (d4 and d32). Taken together, we conclude that MAGI-3 directly binds to Ltap and PDZ1 of MAGI-3 is the only domain of MAGI-3 that interacts with Ltap. We next investigated the interaction of MAGI-3 with Ltap in cells by co-immunoprecipitation experiments (Figure 2b ). HA-tagged MAGI-3 or MAGI-3-d6 and Ltap were transfected into HEK293 cells. MAGI-3-HA or MAGI-3-d6-HA could be detected in anti-Ltap antibody immunoprecipitate, but not in cells that were not transfected with Ltap. These results indicate that, similar to the interaction with frizzled-4, MAGI-3 interacts with Ltap through its PDZ1 domain in cells.
Ternary complex formation of MAGI-3, frizzled-4, and Ltap
The results of the in vitro pull-down and co-immunoprecipitation assays indicate that frizzled-4 and Ltap both interact with MAGI-3. Since PDZ1 is the only domain of MAGI-3 that interacts with these two proteins, frizzled-4 and Ltap might possibly compete for the binding domain of MAGI-3. It is also possible that frizzled-4, Ltap, and MAGI-3 form a ternary complex. Indeed, S-SCAM, a closely related family member of MAGI-3, forms multimers through PDZ4 and 5 (Hirao et al., 2000) . The fact that the domain of MAGI-3 that are required for the multimer formation is different from the binding domain of MAGI-3 for frizzled-4 and Ltap raised the possibility that frizzled-4, Ltap, and MAGI-3 are present in the same complex. This possibility was tested by co-immunoprecipitation experiments (Figure 3 ). HEK293 cells were transfected with frizzled-4 and Ltap with or without MAGI-3. In the absence of MAGI-3, Ltap did not bind to frizzled-4, indicating that these two proteins did not interact directly. However, in the presence of MAGI-3, a small but significant amount of Ltap was detected in immunoprecipitate by anti-frizzled-4 antibody. MAGI-4-d6, which contains the PDZ1 domain but not PDZ4 or 5, failed to recruit Ltap to frizzled-4, suggesting that formation of MAGI-3 multimers is required for the ternary complex formation. Thus it appears that MAGI-3, frizzled-4, and Ltap form a ternary complex. These results suggest that, like other MAGAK proteins, MAGI-3 plays a role as a scaffold protein.
Subcellular localization of MAGI-3, frizzled-4, and Ltap MAGI family members localize to different subcellular fractions depending on cell type or experimental conditions. For example, BAP-1/MAGI-1 localizes at tight junctions in MDCK cells (Ide et al., 1999) , but has also been shown to localize at adherens junctions when exogenously expressed in MDCK cells (Nishimura et al., 2000) . A recent study demonstrated that MAGI-3 localized to E-cadherin-based cell-cell contact sites and in focal adhesion sites in primary cultured astrocytes (Adamsky et al., 2003) . Since the subcelluar localization of frizzled-4 has not been firmly established, we first investigated the location of frizzled-4 in MDCK cells. For this purpose, we established MDCK cells expressing frizzled-4, because MDCK cells did not express detectable amounts of endogenous frizzled-4. As shown in Figure 4Bc , frizzled-4 was localized at cellcell contact sites. In vertical sections, frizzled-4 was distributed along the lateral membrane that colocalizes with E-cadherin (data not shown). We then introduced an EGFP-tagged form of MAGI-3, MAGI-3-d4, and MAGI-3-d6 into frizzled-4-expressing MDCK cells under the tetracycline inducible promoter. Expression of each protein was examined 3 days after doxycycline removal in immunoblot analysis using anti-EGFP antibody ( Figure 4A ), and subcellular localizations were analysed. MAGI-3-EGFP was predominantly localized to cell contact sites and colocalization with frizzled-4 was observed (Figure 4Be-h ). MAGI-3-d4-EGFP, which lacks PDZ1, also localized to cell contact sites (Figure 4Bi-l) , suggesting that localization of MAGI-3 does not require binding to frizzled-4. In contrast, MAGI-3-d6-EGFP was predominantly detected in the cytoplasm in the absence of frizzled-4 (Figure 4Bm ; indicated by asterisk). Interestingly, MAGI-3-d6-EGFP became localized to cell contact sites when frizzled-4 was expressed (Figure 4Bm and Bo), supporting the conclusion that PDZ1 is the binding domain for frizzled-4. It is notable that wild-type MAGI-3 or either mutant did not affect the localization of frizzled-4, indicating that localization of frizzled-4 at cell-cell contact sites does not require MAGI-3. We then investigated the subcellular localization of Ltap by transient expression and immunostaining with anti-Ltap antibody. In MDCK cells, Ltap was predominantly localized at cell contact sites and colocalized with frizzled-4 (Figure 4Bb-d) . The induction of MAGI-3-EGFP revealed that Ltap also colocalized with MAGI-3 (Figure 4Be-h) . These results indicate that MAGI-3, frizzled-4, and Ltap form a physiological complex at cell contact sites in epithelial cells. These results also support the idea that MAGI-3 plays a role as a scaffold protein of frizzled-4 and Ltap, which is suggested by co-immunoprecipitation experiments. 
Activation of JNK by the frizzled-4/Ltap/MAGI-3 complex
Since frizzled receptors have been implicated in PCP pathway, we first tested the activation of JNK by mouse frizzled family ( Figure 5 ). As previously reported, dishevelled activated JNK as measured by the phosphorylation of c-jun by phospho-specific antibody (Habas et al., 2001) . A slight increase of c-jun protein was also observed. This is probably due to an increase in the stability of the phosphorylated form of c-jun, because no significant difference was observed in control transfections of EGFP (Fuchs et al., 1998) . Transfection of mouse frizzled-5 and -8 into HEK293 cells resulted in the activation of JNK. The frizzled-5 mutant that lacks the C-terminal cytoplasmic domain failed to activate JNK, indicating that this domain is required. In contrast, transfection of frizzled-3, -4, -6, or -7 resulted in no activation or very weak activation of JNK.
As a recent study indicated that zebrafish stbm activates JNK in mammalian cells (Park and Moon, 2002) , we tested whether the mouse homolog of stbm, Ltap, activates JNK. We found that Ltap itself failed to activate JNK ( Figure 6a) ; however, cotransfection of frizzled-4 and Ltap slightly activated JNK. Importantly, MAGI-3 strongly enhanced JNK activation by the combination of frizzled-4 and Ltap (Figure 6a ). We next tested whether this activation of JNK required the function of small GTPases by coexpressing inhibitory mutants (Figure 6b ). The activation of JNK by frizzled-4, Ltap, and MAGI-3 was inhibited by dominantnegative N17Rac, and to a lesser extent by C3, a potent inhibitor of Rho, or dominant-negative N17cdc42. Thus it appears that the ternary complex of frizzled-4, Ltap, and MAGI-3 has a positive role in the activation of a Rac-dependent JNK pathway. In contrast to JNK pathway, any combination of frizzled-4, Ltap, and MAGI-3 did not activate the Lef/TCF-dependent transcription as assessed by luciferase assay (data not shown). These results may indicate that MAGI-3 regulate PCP pathway without affecting Wnt pathway.
Discussion
As a Wnt receptor, frizzled has been implicated in the canonical Wnt pathway, which causes the accumulation of b-catenin and leads to TCF/Lef-dependent transcription (Bhanot et al., 1996; Molenaar et al., 1996; Korinek et al., 1998) . Frizzled has also been implicated in the PCP pathway, which involves the JNK signaling cascade (Boutros et al., 1998) . In Drosophila, a putative integral membrane protein, stbm, interacts genetically with frizzled to regulate the PCP pathway (Taylor et al., 1998; Wolff and Rubin, 1998) . Recent studies have further demonstrated that Xenopus stbm plays a positive role in the JNK signaling cascade (Park and . Little is known, however, about how frizzled and stbm regulate intracellular signaling pathways at the molecular level. The last four amino acids of stbm are a consensus sequence for interacting with PDZ domains and are evolutionally conserved including mammals. Similarly, the carboxyl-termini of frizzled proteins contain PDZ-binding motifs in various spices. In this study, we have shown that MAGI-3, which contains multiple PDZ domains, interacted with both mouse Figure 5 Activation of JNK by frizzled family members. HEK293 cells were transfected with the indicated constructs together with cjun and EGFP. At 48 h after transfection, lysates were immunoblotted with anti-phopho c-jun (ser63), anti-c-jun, or anti-EGFP Figure 6 Rac-dependent activation of JNK stimulated by the combination of MAGI-3, frizzled-4, and Ltap. (a) HEK293 cells were transfected with the indicated constructs, and lysates were immunoblotted as described in Figure 5 . (b) HEK293 cells were transfected with the indicated constructs, and immunoblot analysis was performed as described in Figure 5 Interaction of MAGI-3 with frizzled and Ltap R Yao et al frizzled-4 and Ltap, a mouse homolog of stbm and these three molecules form a ternary complex. Thus, we propose that MAGI-3 functions as a scaffold for frizzled-4 and Ltap. Although a genetic interaction of frizzled and stbm has been shown in Drosophila, this is the first report indicating the molecular interaction of frizzled and stbm.
We have also showed that MAGI-3 is involved in the regulation of the JNK signaling pathway. Expression of Ltap together with frizzled-4 resulted in slight activation of JNK, and cotransfection of MAGI-3 strongly enhanced this activation. In Xenopus, dishevelled is shown to interact with xstbm (Park and . It is of note that xstbm binds to a PDZ domain of dishevelled, but the PDZ-binding motif of xstbm is not required for this interaction (Park and Moon, 2002) . Consistent with this, Ltap interacts with dishevelled, but the expression of dishevelled does not affect the interaction of Ltap and MAGI-3 (Supplementary Figure 1A ,B). Furthermore, we noticed the expression mouse frizzled-4 leads to the translocation of dishevelld to plasma membrane (Supplementary Figure 1C) . These results raise the possibility that dishevelled is also included in the frizzled/Ltap/MAGI-3 complex. Unexpectedly, however, the expression of frizzled-4, Ltap, and MAGI-3 reduce the JNK activation by dishevelled (Supplementary Figure 1D) . Further studies are necessary to clarify the involvement of dishevelled in the frizzled/Ltap/MAGI-3-mediated JNK activation.
At least nine frizzled family members have been identified in mammals, but their functional diversities and redundancies are not established. The defects caused by disruption of the frizzled-3, -4 and -5 genes are totally different (Ishikawa et al., 2001; Wang et al., 2001 Wang et al., , 2002 . These differences are certainly due to the different expression patterns of the various family members, but these data may also indicate that each family member has distinct functions. The carboxyltermini of frizzled proteins are the most divergent, suggesting that this domain may, at least in part, define the specific functions of each frizzled protein. We have shown that MAGI-3 specifically interacts with frizzled-4 and -7, suggesting that MAGI-3 has a role in distinct function of frizzled-4 and -7. Disruption of frizzled-4 exhibits a variety of phenotypes including progressive cerebellar degeneration, progressive deafness, and the absence of a skeletal muscle sheath around the lower esophagus (Wang et al., 2001) . In humans, a frizzled-4 mutation was found in familial exudative vitreoretinopathy (Robitaille et al., 2002) . One challenge for the future will be to elucidate the significance of the interaction between MAGI-3 and frizzled-4 in these phenotypes.
Materials and methods
Yeast two-hybrid screen
A yeast two-hybrid screen was performed using the carboxylterminal regions of various mouse frizzled genes cloned in frame into pAS2.1 (Clonetech). The amino acids used for twohybrid screens were as follows: frizzled-3, 500-666; frizzled-4, 497-537; frizzled-6, 496-709; frizzled-7, 668-692 . The regions of frizzled-5 and -8 were described previously (Yao et al., 2001) . A mouse E11 library was screened using the MATCH-MAKER Two Hybrid system 2 (Clonetech), and positive clones were isolated and sequenced.
Plasmids
Various expression vectors were constructed by conventional molecular biology techniques and PCR methods. The MAGI-3 construct was kindly provided by Dr E Peles (The Weismann Institute). The deletion constructs of MAGI-3 contain the following amino acids: d1, 1-23, 403-1179; d2, 1-1-25, 263-1179; d3, 1-261, 403-1179; d4, 1-261, 485-1179; d5, 1-23, 403-614, 1063-1179; d6, 1-25, 263-614, 1063-1179; d32, 1-387, 1089-1179, d34, 1-648, 1089-1179 . Frizzled constructs were kindly provided by Dr J Nathans (The Johns Hopkins University School of Medicine). pcDNA3-M2hc-jun was kindly provided by Dr T Sudo (RIKEN). The Ltap construct was obtained from the IMAGE Consortium (IMAGE: 3594694). For transient expression in mammalian cells, MAGI-3, its deletion mutants, frizzled and Ltap, were cloned into the pCAG vector. The pTet-Splice vector (GIBCO) was utilized to established stable tetracycline inducible cell lines. pEGFP-N1 (Clonetech) was used to construct EGFP fusion proteins. pcDNA3 (Invitrogen) and pGEX3T (Amersham Pharmacia) were used for pull-down assays.
Antibodies
Rabbit polyclonal antibodies recognizing frizzled-4 and Ltap were raised against the synthetic peptides GCGKVKREKRG NGWVKPGKP and CRDRRDRHRSKSRDGSRGDK, respectively, and affinity purified using HiTrap affinity columns (Amersham Pharmacia). Anti-MAGI-3 antibody was kindly provided by Dr E Peles. Anti-c-jun and -phospho c-jun (ser 63) antibody were obtained from Cell Signaling Technology. Anti-HA antibody and anti-EGFP antibody were purchased from Santa Cruz and Sigma, respectively. Other antibodies have been described previously.
Analysis of protein-protein interactions
In vitro pull-down assays were performed as described previously (Yao et al., 2001) . In brief, in vitro transcription/ translation products of MAGI-3 and its deletion mutants were incubated with purified GST proteins fused with carboxylterminal domains of various frizzled proteins. Bound proteins were then analysed by SDS-PAGE.
For transient expression assays, HEK293 cells were plated at a density of 5 Â 10 5 cells per 100 mm dish. The following day, transfection was conducted using lipofectin (GIBCO) according to the manufacture's instruction. At 48 h after transfection, cells were lysed in the presence of dithiobis (succinimidylpropionate) (DSP, Pierce), and immunoprecipitation was performed as described previously (Yao et al., 2001) .
Immunofluorescence microscopy MDCK tet-off cells were obtained from Clontech and cultured according to the manufacture's instruction. To generate stable transformants, MDCK tet-off cells were transfected with pCAGGS-frizzled-4 together with pCMV-bsd (Invitrogen), and cultured in the presence of 10 mg/ml of blasticidine. Frizzled-4-expressing cells were screened by immunofluorescence staining as described below, and it was determined that 60-70% of cells in clone 36 expressed frizzled-4. This clone was used for this study. To obtain MAGI-3-expressing cells, clone 36 was transfected with MAGI-3 constructs cloned in pTet-Splice together with pTK-Hyg, and were cultured in the presence of 100 mg/ml of hygromycin and 50 ng/ml of doxycycline. Cells that demonstrated inducible expression of EGFP fusion proteins were selected under the fluorescence microscope at 3 days after doxycycline removal. To examine colocalization of Ltap, CAG-Ltap was transfected, and cells were cultured for 3 days prior to fixation.
For immunofluorescence studies, MDCK cells were fixed and stained with anti-Ltap antibody as described previously (Yao et al., 2001) . To investigate the subcelluar localization of frizzled-4, anti-frizzled-4 antibody was directly labeled with Alexa Fluor 647 (Molecular Probes).
JNK assay
HEK293 cells were plated at a density of 0.5 Â 10 5 cells/well in six-well dishes. On the following day, the cells were transfected with 0.2 mg each of pcDNA3-M2hc-jun and pEGFP-N1 and 2 mg each of effecter constructs. Cells were lysed 48 h after transfection. Protein samples (25 mg) were separated on SDS-PAGE, transferred onto a nitrocellurose filter, and blotted with anti-phospho c-Jun (ser63), anti-c-jun, anti-Ltap, anti-MAGI-3, and anti-EGFP antibodies.
